Introduction
[2] It has been established that the auroral breakup is caused by electron beams driven by field-aligned acceleration at the substorm onset (e.g., review paper by Meng [1978, and references therein] ). Thus, a sudden formation of the field-aligned acceleration region in the magnetosphereionosphere (M-I) coupling system is essential to complete the magnetospheric substorm onset. The upward fieldaligned current (FAC), which connects the auroral ionosphere and magnetosphere, forms the substorm current system [Knight, 1973; McPherron et al., 1973; Lyons, 1981] and is suddenly reinforced at the substorm onset. From observations of the tail current disruption and its closure at a substorm onset, it is also well understood that the cross-tail current diverges into the auroral ionosphere from the dawnside near-Earth plasma sheet and converges out of the duskside ionosphere to the near-Earth plasma sheet, that is, the substorm current wedge [Akasofu, 1972; McPherron et al., 1973; Lui, 1996] .
[3] It has been implicitly assumed that the FAC connects the near-Earth plasma sheet to both the northern and southern auroral ionospheres, and the intensity of fieldaligned acceleration and current at the onset depends on the plasma state and conductivity in each M-I coupling region and ionosphere [e.g., Kumamoto and Oya, 1998; Fujii and Iijima, 1987] . In this context, some questions arise. There may be cases in which an independent building-up of the field-aligned acceleration occurs at each ionosphere at a magnetospheric substorm onset. This would be the time difference in the auroral breakup between the two hemispheres. There may also be cases in which one ionosphere satisfies conditions for building-up an acceleration region at a magnetospheric substorm onset, but the opposite hemisphere is not ready. In this case, the substorm current should link to only one hemisphere, which is a kind of one-sided auroral breakup. If this is the case, it can be inferred that field-aligned acceleration in the M-I coupling region of each hemisphere does finally ignite the substorm when the magnetosphere is ready for a substorm.
[4] Conjugate auroras [e.g., Østgaard et al., 2004 , and references therein] have been studied using aircraft [e.g., Stenbaek-Nielsen et al., 1972] , ground-based systems [e.g., Sato et al., 1986] , and spacecraft [e.g., Zverev et al., 1992] observations. Conjugacy and nonconjugacy of auroral arcs during substorm were first studied on the basis of aircraft observations by Stenbaek-Nielsen et al. [1972 , 1973 and Stenbaek-Nielsen and Otto [1997] . They showed non-conjugacy of discrete arcs and suggested that the processes creating auroral forms operate independently in each hemisphere. The first simultaneous onset observation at Northern and Southern Hemispheres was reported by Sato et al. [1998a Sato et al. [ , 1998b from ground-based observation and by Frank and Sigwarth [2003] from the Polar spacecraft observation, and they showed events in which an aurora breakup was not simultaneous and was different in brightness between the Southern and Northern Hemispheres. It should be noted that substorm onset locations and auroral features are usually not symmetric owing to the interplanetary magnetic field control [Østgaard et al., 2004] . The hemispheric asymmetry of the afternoon aurora was also reported by Fillingim et al. [2005] , and the differences are attributed to differing ionospheric convection patterns in both hemispheres due to the By component of the interplanetary magnetic field (IMF).
[5] Despite these pioneer and the following precise observations of conjugate auroral substorms, few reports have been presented on detailed onset observations in order to prove interhemispheric substorm processes. This is partly because it has been very rare to observe the simultaneous conjugate substorm onset between two hemispheres.
[6] Auroral kilometric radiation (AKR) spectra provide remote sensing of a field-aligned acceleration region and its dynamics [e.g., Kaiser and Alexander, 1977] because AKR is the result of wave-particle interaction with electron beams in the acceleration region [e.g., Gurnett, 1974; Ergun et al., 1998; Pottelette et al., 2001] . The altitude of the AKR source is regarded to be roughly equivalent to that of the field-aligned acceleration region [e.g., Morioka et al., 1981; Liou et al., 2000; de Feraudy et al., 2001; Hanasz et al., 2001] , and the altitude is estimated from AKR frequency considering that AKR emanates at the local electron cyclotron frequency along the auroral field line. Fairfield et al. [1999] utilized AKR as a proxy of auroral particle acceleration. The low-frequency component of AKR (typically tens of kHz) has been studied in terms of isolated AKR (ITKR [Steinberg et al., 1988 [Steinberg et al., , 1990 ), low-frequency (LF) burst [Kaiser et al., 1996; Desch and Farrell, 2000] , and LF-AKR [Olsson et al., 2004] . In this paper we hereafter abbreviate low-frequency/ high-altitude AKR to LF-AKR and midfrequency/lowaltitude AKR to MF-AKR for convenience.
[7] Recently, Morioka et al. [2010] showed that enhancement of the MF-AKR (more than 300 kHz/less than 5000 km of altitude) corresponds to the pseudo-breakup or initial brightening of auroral substorm, and that the explosive development of LF-AKR (less than 200 kHz/more than 6000 km of altitude) corresponds to the auroral breakup and subsequent poleward expansion, that is, substorm onset. The explosive LF-AKR at onset is called AKR breakup [Morioka et al., 2007] . These intimate relationships between AKR and substorms suggest that the enhancement of lowaltitude acceleration (inverted-V type electric field) causes the pseudo-substorm and initial brightening, and the breakout of the high-altitude acceleration, that follows the low-altitude acceleration, leads to the full substorm with poleward expansion (two-step evolution of substorm onset). Thus, AKR observations above the auroral ionosphere can remotely define the timing and onset process of substorms. If AKR breakups are observed independently from both hemispheres, it can provide an answer to question about the simultaneity of substorm onset between both hemispheres.
[8] The term "substorm" is, in the following, used to indicate the state in which the magnetospheric tail-current has linked to the auroral ionosphere forming the current wedge and building up the high-altitude field-aligned acceleration, and the "substorm onset" is completed through two steps; first, enhancement of low-altitude acceleration (initial brightening, enhancement of MF-AKR), and then subsequent breakout of high-altitude acceleration (auroral breakup, AKR breakup).
[9] In this paper, we examine the timing of substorm onset in the two auroral ionospheres using (1) remote AKR observations of substorm onset by multispacecraft and (2) simultaneous auroral observations between geomagnetically conjugate stations. We demonstrate that substorms do not always show simultaneous onset between the northern and southern auroral regions and that the AKR breakup, that is, the substorm onset, sometimes takes place only in one hemisphere.
AKR Observations

Illumination Zone of AKR in the Magnetosphere
[10] Simultaneity of AKR breakup in the northern and southern magnetosphere was examined using radio observations by Cluster, Imager for Magnetopause-to-Aurora Global Exploration (IMAGE), and Geotail spacecraft. The Waves of High frequency and Sounder for Probing of Electron density by Relaxation (WHISPER) instrument [Décréau et al., 1997; Trotignon et al., 2003 ] onboard the Cluster spacecraft has the capability to observe LF-AKR below 80 kHz. The Radio Plasma Imager (RPI) instrument [Reinisch et al., 2000 onboard the IMAGE spacecraft observes natural radio waves in the frequency range from 3 kHz to 3 MHz, which includes the frequency range of AKR . The Plasma Wave Instrument (PWI) [Matsumoto et al., 1994] onboard Geotail observes a wide frequency range of plasma waves from 18 Hz to 800 kHz in the magnetosphere and interplanetary space.
[11] During the period from January to June in 2003, polar orbiting Cluster and IMAGE spacecraft were near the noonmidnight meridian plane; the apogee of Cluster was around the dayside equator with a height of about 19.5 R E (R E : Earth radii), and that of IMAGE was around the nightside equator with a height of about 8.2 R E . The orbit of the Geotail spacecraft was near the equatorial plane with an apogee and perigee height of 30.8 and 8.8 R E , respectively.
[12] To identify the source hemisphere of AKR observed by satellite, the visible zone of AKR from space is first statistically surveyed using AKR observations by Cluster and IMAGE. Figure 1 shows the locations of AKR observation at 70 kHz in the day-night meridian plane from January-June 2003. The "day-night meridian plane" is taken to be from 9 to 13 h to 21-01 h magnetic local time (MLT), which is rather thick and somewhat off the noonmidnight line, considering the offset occurrence of discrete auroras with respect to magnetic midnight [Newell et al., 1996] . Plotted red dots are the location of AKR detected by Cluster-3, and blue dots are those detected by IMAGE. The black dots indicate locations where Cluster-3 did not detect simultaneous AKR with that detected by IMAGE in the nightside hemisphere. Thus, the distribution of black dots indicates the shadow zone of AKR. Note that the lowaltitude cutoff of IMAGE observations (blue dots) above the polar ionospheres is not natural, but is the altitude limit to distinguish AKR from the intense local plasma waves below the altitude of 4 R E .
[13] The source locations of AKR at 70 kHz estimated to be the altitude of 12,000 km on the L = 7 field line are shown by star symbols in the northern and southern auroral regions in Figure 1 . The illumination zone of AKR at 70 kHz in the magnetosphere (colored light yellow) is determined by the demarcation boundaries that divide the red dots from the black dots in the dayside hemisphere and by the low-altitude border of AKR observation in the nightside hemisphere. In the Southern Hemisphere, the demarcation boundary is not uniquely determined because red and black dots are merged in the dayside high latitude. This may indicate that the radiation cone-angle of AKR changes from event to event. Some red dots in the shadow zone of AKR (shaded light blue) are considered to be Z-mode AKR because Z-mode AKR can propagate toward dayside from the nightside source region [Hashimoto and Calvert, 1990] . The experimentally obtained AKR illumination zone in this study is fairly consistent with the earlier raytracing studies on the angular distribution of AKR for the case of L-O mode propagation [Green et al., 1977; Hashimoto, 1984] , while many studies indicated that the intense AKR is almost R-X mode. It should be noted that there exists a zone in the nightside magnetosphere beyond 7 R E where an observer can see both AKRs radiated from the northern and southern auroral regions.
Simultaneous AKR Spectrograms From Northern and Southern Hemispheres
[14] Figure 2 shows the simultaneous AKR spectrograms from the three spacecraft on 20 August 2003. Figure 2a is the spectrogram in the frequency range of 20-600 kHz from the Geotail observation when the satellite was outside the equatorial afternoon magnetosphere (∼1430 MLT, radial distance∼28.7 R E , MLAT∼12.4°). Two line emissions at about 35 and 65 kHz are f p and 2f p emissions ( f p : plasma frequency) radiated upstream of the Earth's bow shock [e.g., Gurnett, 1975; Kasaba et al., 2000] . Intense AKR was observed in the frequency band of 65-600 kHz during the period from 1540 to 1700 UT: the MF-AKR in the range of 280 to 100 kHz, the LF-AKR from 100 to 65 kHz, and second harmonic AKR [Benson, 1982; Wu and Qiu, 1983] above 300 kHz. The lower border of the LF-AKR frequency seems to be roughly ∼2f p in the solar wind, indicating that the LF-AKR propagated through the magnetosheath [Kaiser et al., 1996] . The observed AKR spectrogram can be concluded to be a mixture of AKR propagated from both northern and southern source regions, because Geotail was located near the afternoon equatorial plane where both AKR sources could illuminate the satellite.
[15] Figure 2b is the spectrogram from the IMAGE satellite in the frequency range from 3 to 80 kHz. The trajectory of the satellite during the observation is indicated by the pink trace with the label IM:8/20 in Figure 1 . Note that the satellite can receive AKR only from the northern auroral region. Figure 2c is the spectrogram from Cluster-3 in the same frequency range as IMAGE. The trajectory of Cluster-3 during the observation is shown by the green Figure 1 , where only the southern AKR can illuminate the spacecraft.
[16] Comparing these three spectrograms below 80 kHz, we can find a distinctly common feature in which bursty LF-AKRs with a wide frequency range (AKR breakup) appeared simultaneously and most of the bursty LF-AKRs showed the sudden frequency expansion down to 50 kHz, which represents the AKR source expansion up to 14000 km of altitude along the auroral field line. This indicates that the abrupt buildup and expansion of field-aligned acceleration, that is, substorm onset was synchronous between the northern and southern M-I coupling regions within the lowest time resolution of the IMAGE spectrogram (about 2.5 min in this case).
[17] This field-aligned sudden acceleration is considered to be a consequence of current/current-driven instabilities which is built up in the higher altitude above 6000 km [Morioka et al., 2008] . Another possible field-aligned acceleration process is dispersive Alfven wave acceleration found in Freja, Polar, FAST and Cluster observations [e.g., Stasiewicz et al., 2000; Wygant et al., 2002; Chaston et al., 2005] . This process may work as the bursty acceleration at substorm onset. However, accelerated electrons by this process are superthermal and are not sufficient to generate AKR [e.g., Mende et al., 2003] . Thus, we consider that the Alfvénic acceleration process is less essential for the onsettime bursty acceleration with AKR breakup.
[18] The next example in Figure 3 shows, in contrast, a different feature of AKR breakup between the two hemispheres. The spectrograms in Figure 3 were obtained from the three spacecraft on 25 June 2003 with the same format as that in Figure 2 . Trajectories of the IMAGE and Cluster spacecraft were in the northern and southern AKR illumination zones, respectively, as shown in Figure 1 with IM:6/25 and CL:6/25 labels. The Geotail satellite was outside the equatorial duskside magnetosphere (∼1930 MLT, radial distance∼30.8 R E , MLAT∼−3.5°), where both hemispheric AKR source regions were visible from the satellite. It should be noted that AKR spectra observed from IMAGE and Cluster-3 were not always concurrent with each other but sometimes showed an alternate appearance. The blue tags in the Figure 3 indicate synchronous AKR. The red and yellow tags indicate the complementary AKR between the two hemispheres; the red tag is the period of northern AKR alone and yellow tags are the period of southern AKR alone. At Geotail, AKR spectra below 80 kHz (horizontal white line) showed a feature of the logical conjunction of AKR spectra from IMAGE and Cluster, that is, [AKR at Geotail] synchronized between two hemispheres, and that AKR breakup, that is, abrupt breakout of field-aligned acceleration, sometimes takes place independently at one hemisphere. Note that the rather continuous emissions below 40 kHz observed at the three satellites could be continuum radiation [Gurnett, 1975; Décréau et al., 2001] .
The 3 June 2003 Event
[19] Interhemispheric substorm events on 3 June 2003 were investigated in detail to verify the one-sided substorm or delayed onset between the two hemispheres. Figure 4a is a spectrogram from Geotail in the frequency range from 20 to 600 kHz. LF-AKR below 100 kHz appeared around 2230 UT and continued thereafter for at least 30 min, which indicates a series of substorm onsets. Figure 4b is a spectrogram below 100 kHz observed by IMAGE. The observed AKR is attributed to be from the northern auroral regions because of the satellite location in the northern AKR illumination zone (see Figure 1 ). An AKR breakup happened around 2230 UT (labeled as breakup-1 in Figure 4 ), indicating the substorm onset. The lowermost frequency of the AKR breakup was about 60 kHz at the onset, which became lower with time. The estimated AKR source altitude along the L = 7 field line is shown in the right ordinate of Figure 4b . The lowermost frequency of the expanded AKR (∼60 kHz) at the onset indicates that the field-aligned acceleration region expanded up to 12000 km at the substorm onset. The H-component magnetogram at the premidnight station of Tjornes in Iceland (MLAT = 66.5°, MLONG = 72.0°, midnight(MLT) = 2347 UT) in Figure 4c showed a relatively small negative bay (∼200 nT) at breakup-1. Figure 4d is the geomagnetic pulsation record (dH/dt) at Tjornes. At around 2230 UT, the dH/dt signal showed high-latitude Pi 2 pulsation almost simultaneously with the AKR breakup within the accuracy of the time resolution of the IMAGE spectrogram. The midlatitude pulsation data at Crooktree (CRK: MLAT = 54.7°, MLONG = 78.4°) also showed a Pi 2 onset at breakup-1 (Figure 4e) .
[20] About 12 min after breakup-1, the second highlatitude Pi 2 (Figure 4d ) appeared at 2242 UT (labeled as breakup-2). This high-latitude Pi 2 had a larger amplitude than the previous one with the gradually decreasing quasi-DC component, which is the typical signature of substorm Pi 2 at the onset site [Morioka et al., 2009] . The IMAGE spectrogram (Figure 4b ) showed another sudden intensification at breakup-2, extending its lowest frequency to a lower level, indicating the second buildup of the highaltitude acceleration region up to 18,000 km. This breakup-2 also corresponded well with the Tjornes second negative bay (Figure 4c ) as well as the second midlatitude Pi 2 at CRK (Figure 4e) .
[21] From these coincidences between the AKR breakup, high-latitude Pi 2, and related magnetic variations in the Northern Hemisphere, one might conclude that the substorm happened twice at around 2230 (breakup-1) and 2242 UT (breakup-2). However, AKR and magnetic field data in the Southern Hemisphere showed rather complicated features. Figure 4f is a spectrogram from the Cluster-3 satellite. The spacecraft location (see label CL:6/3 in Figure 1 ) was suitable for sensing only southern AKR. It is, however, obvious that no AKR was observed in the Southern Hemisphere corresponding to the first northern AKR breakup (breakup-1).
Magnetogram and dH/dt data at Syowa in Antarctica (MLAT = −66.3°, MLONG = 72.2°, midnight (MLT) = 2355 UT, very close to the nominal conjugate of Tjornes (DMLAT = 0.01°, DMLT = 0.1)) and at the midlatitude station Hermanus (HER: MLAT = −35.0°, MLONG = 84.0°) also showed no substorm signatures of negative bay and Pi 2 pulsations corresponding to breakup-1, as seen in Figures 4g-4i . These imply a one-sided substorm occurred at breakup-1 in the Northern Hemisphere. On the other hand, at breakup-2, AKR breakup, negative bay, and Pi 2 pulsations were observed simultaneously with those in the northern auroral region (Figures 4f-4i) . The apparent time difference between the northern and southern AKR breakups might be partly due to the relatively coarse time resolution of the IMAGE spectrogram and partly due to the time delayed breakups of themselves as will be demonstrated later. The low-frequency component of the southern AKR seems to extend to the very low frequency range down to 10 kHz. This is due to the limited dynamic range of the on board spectrum analyzer [Décréau et al., 1997] . AKR signal is so strong that time samples are truncated when digitized and transformed to flat frequency spectra. The magnetic latitude and longitude of ground stations and those which will appear in the following are plotted by black circles in Figure 5 . The black triangle in Figure 5 indicates the onset UT of the 3 June event.
[22] It is very important to note that the magnetosphere showed a substorm signature even at the one-sided substorm in the Northern Hemisphere (breakup-1). Figure 6 shows energetic electron fluxes (Figure 6a ) and radial component of the magnetic field at the synchronous orbit (Figure 6b) , and middle-and low-latitude magnetograms (Figures 6c  and 6d ) for the same period as in Figure 4 . The black and red lines in Figure 6a are electron fluxes observed by the LANL-01A (local midnight = ∼2310 UT) and 1990-095 (local midnight = ∼0220 UT) satellites, respectively. The energies of the fluxes are 50-75 (solid line) and 105-150 keV (dotted line). At the first substorm (breakup-1), electron fluxes at the 1990-095 satellite showed a steep increase after a gradual decrease, suggesting that a substorm onset occurred in the midnight region around 2230 UT after the thinning of the plasma sheet [Baker and McPherron, 1990] . The magnetic variation at synchronous orbit also showed a signature of substorm onset around breakup-1. The Hn component of the magnetic field (earthward component in the satellite orbital plane, Figure 6b ) at GOES 12 (local midnight = ∼0500 UT) showed a sudden increase around 2230 (breakup-1) after a gradual decrease starting from, at least, 2208 UT. This also suggests a magnetospheric substorm onset around breakup-1 after the stretching of the Earth's magnetic field.
[23] The dipolarization/magnetospheric substorm would be manifested in the middle-and low-latitude magnetograms as a positive bay in both hemispheres, because the positive bay should be a result of tail-current reduction. Magnetogram examination showed that the middle-and low-latitude H component (Figure 6c Figure 6d also showed almost simultaneous positive excursions with the northern magnetograms at breakup-1, although the southern polar magnetic variations (negative bay and Pi2) and AKR showed no response to the northern substorm (breakup-1). These confirm that the magnetospheric substorm occurred at breakup-1 with the one-sided auroral breakup in the Northern Hemisphere.
The 29 April 2003 Event
[24] Another example in which northern and southern M-I coupling regions showed quite different responses to a substorm is illustrated in Figure 7 . Figure 7a shows the spectrogram on 29 April 2003, observed by the Geotail satellite in the magnetotail (radial distance ∼ 30.6 R E , MLAT = −6.9-−4.1°, MLT = ∼23.7 h,) where AKR source regions in both hemispheres were visible. The spectrogram demonstrates active AKR-breakup events after an activation of MF-AKR (low-altitude AKR) from about 0520 UT; intense LF-AKR below 100 kHz (high-altitude AKR) broke out intermittently from about 0530 to 0608 UT, showing the onset of a substorm. Comparing this Geotail spectrogram with northern (IMAGE: Figure 7b ) and southern (Cluster-3: Figure 7f ) ones, it can be proved that high-altitude acceleration broke out and developed up to an altitude of 18000 km only in the northern auroral region. The southern AKR showed little activity, at least below 80 kHz, whereas the northern LF-AKR was almost identical to that of Geotail. Only very weak and short AKR in the 80-50 kHz region was detected at Cluster around 0540 UT. Some spiky vertical spectra from 0554 to 0610 UT in the Cluster-3 spectrogram are attributed to be the instrumental modulation due to the intense VLF emissions.
[25] Geomagnetic responses in the Northern Hemisphere almost corresponded to the northern AKR. At the activation of MF-AKR (around 0520 UT; blue rectangle), the H-component magnetogram (Figure 7e ; bold line) and geomagnetic pulsation (Figure 7c ) at the auroral station Iqaluit (IQA; MLAT = 72.6°, MLONG = 14.5°, midnight (MLT) = 0408 UT) showed the signature of a pseudosubstorm. This is consistent with conclusion reached by Morioka et al. [2010] , who claimed that the activation of low-altitude acceleration corresponds to pseudo-substorms. The midlatitude Pi 2 pulsation at Ottawa (OTT; MLAT = 55.7°, MLONG = 1.0°) in Figure 7d and the positive bay in the low-latitude station San Juan (SJG; MLAT = 28.65°, MLONG = 6.1°) in Figure 7e (blue trace) were also concurrent with the onset of this pseudo-substorm (the magnetic latitude and longitude of stations referred to this event are plotted with white circles in Figure 5 ). The sudden breakout of LF-AKR (the high-altitude acceleration) at 0530 UT (yellow rectangle) indicates the onset of a full substorm, accompanying the sharp negative bay and large amplitude Pi 2 pulsation at IQA (Figures 7c and 7e) .
[26] In contrast, in the Southern Hemisphere, magnetic variations at the nightside auroral station in Antarctica (M88-316; MLAT = −72.1°, MLONG = 19.6°, midnight (MLT) = 0330 UT) showed different variations from those of the Northern Hemisphere; gradual negative bay (Figure 7i , bold line) and long-period (more than 300 s) pulsation (Figure 7g ) appeared at around 0525 UT (red rectangle). Although the low-altitude field-aligned acceleration dynamics in the southern auroral region was not able to look at owing to the lack of AKR spectra above 80 kHz in the Cluster observation, it is possible to assume that the southern field-aligned acceleration was not well activated and the resultant substorm did not develop into the breakup but developed into the delayed and gradual westward electrojet enhancement resulting in the broad negative bay. [27] Note that only the low-latitude positive bay at Trelew (TRW; MLAT = −29.9, MLONG = 4.9) in Figure 7i showed a concurrent start with that of the Northern Hemisphere around 0520 UT. This strongly indicates that the tail current reduction in the magnetosphere began concurrently with the northern pseudo-substorm (blue rectangle). These features of the 29 April event suggest that the substorm current wedge was linked much tightly through the northern auroral ionosphere and caused a kind of one-sided substorm onset.
Conjugate Auroral Substorm: The 19 September 2006 Event
[28] A campaign observation of conjugate auroral phenomena between the nearly conjugate pair stations of
Figure 7
Husafell in Iceland (MLAT = 65.3°, MLONG = 67.3°, midnight (MLT) = 0010 UT) and Syowa in Antarctica [Sato et al., 2005] was carried out around the autumnal equinox in 2006. The geographic distance between Husafell and the nominal conjugate point of Syowa is about 258 km which is inside the field of view of all-sky cameras, and the difference in magnetic latitude (DMLat) and magnetic local time (DMLT) between two points are 1.1°and 0.4 h, respectively. The all-sky cameras at both stations detected an auroral breakup at the two stations on 19 September 2006. Keograms (l = 427.8 nm) in Figures 8b and 8c derived from the all-sky camera data, show a conjugate auroral breakup with poleward expansion around 2245 to 2250 UT, which suddenly appeared in the equatorward moving growth- (Figures 8a and 8d) show that the amplitude of negative bay was rather small, but temporal conjugacy between the two stations was quite good because overall variations in the magnetograms and pulsation (dH/dt) records were almost in phase. AE indices showed isolated small maximum of ∼90 nT between 2220-2240 UT.
[29] Østgaard et al. [2004, 2007] showed that the relative displacement of geomagnetic conjugacy (DMLT) can be expressed by a linear function of the clock angle of IMF. In the case of the present observation, the IMF components of Bx, By, and Bz for 30 min before 2230 UT were about −2, 1, and −0.5 nT, respectively. Thus, the clock angle is obtained to be about 116°, and resultant displacement of conjugacy is derived, according to Østgaard et al.'s [2007] formula, to be DMLT∼1 h (Conjugate point of Syowa shifted dawnward of Husafell in magnetic longitude), while present observation showed better conjugacy between Syowa and Husafell. This may be partly because the Bx component was so dominant in IMF (4 times as large as Bz) that the Østgaard's formula might not be applicable.
[30] The blue and yellow traces in Figure 9a show the areaintegrated light curves of conjugate aurora (l = 427.8 nm) at Husafell and Syowa during the 20 min period around 2245 UT. The light curve at Syowa showed a sudden rise at 2245:00 UT, indicating an auroral breakup, while that at Husafell showed a rapid increase at 2247 UT. It is obvious that the auroral breakup in the Southern Hemisphere preceded that of the Northern Hemisphere by about 2 min. This time difference is much longer than the possible difference of Alfvén transit time along the northern and southern auroral field lines even if the field-aligned plasma density was considerably different between the two hemispheres owing to transient or seasonal effects. Thus, the delayed onset between the two hemispheres suggests the independent activation of auroral acceleration in each hemisphere at the substorm onset.
[31] This delayed onset is further confirmed by examining Pi 1 pulsations between two hemispheres. Figures 9d and 9e are the filtered shorter-period pulsation components; the filtered period band is 1 < T < 10 s. It should be noted that the shorter-period component at each site showed sudden amplitude intensification almost simultaneously with each auroral breakup, as shown by the yellow and blue rectangles, which were consequently separated by 2 min. This is consistent with the second stage of the substorm onset (breakup) [Morioka et al., 2010] and with previous reports [Milling et al., 2008; Murphy et al., 2009] indicating that the shorter-period pulsation is suddenly enhanced at the auroral breakup, that is, commencement of the poleward expansion.
[32] The substorm of interest manifested, furthermore, interesting prebreakup (initial brightening) features. Figures 9b  and 9c are the magnetic field and dH/dt records from Figures 8a and 8d, indicating that a series of magnetic field variations and long-period pulsations had started around 2240 UT (gray rectangle), about 5 min before the auroral breakup at Syowa (2245:00 UT). Note that these variations were almost concurrent and in phase between the two conjugate stations. These perturbations of magnetic field prior to the auroral breakup correspond to the first stage of substorm onset accompanying the enhancement of low-altitude acceleration region and FAC as claimed by Morioka et al. [2010] . This first stage of the substorm onset is also confirmed by the light curves in Figure 9a , where faint activity of conjugate aurora had started at around 2240 UT, that is the initial brightening. Midlatitude magnetograms in the Northern (CRK; Figure 9f ) and Southern (HER; Figure 9g ) Hemispheres showed an almost simultaneous start of the positive bay with the magnetic perturbations in the auroral zone (pseudo-substorm from about 2240 UT). The in-phase positive-bay perturbations at the midlatitudes indicate the tail current reduction in the plasma sheet.
[33] It is also interesting to note that long-period pulsations (about 90 s of period) were in phase between two hemispheres prior to the auroral breakup (first stage; 2241-2245 UT). The pulsations are considered to be generated in the inner plasma sheet possibly owing to the arrival of the fast flow bursts from the midtail region and the resultant intensification of FAC [Haerendel, 1992; Shiokawa et al., 1998 ] and/or low-frequency plasma instability [Cheng, 2004; Saito et al., 2008] .
Summary and Conclusions
[34] The simultaneous observations of AKR from the Northern and Southern Hemispheres showed that cases exist in which the buildup of field-aligned acceleration occurs in one hemisphere and not in the other hemisphere (one-sided auroral breakup). This indicates that a substorm does not always complete its current system by connecting the crosstail current with both the northern and southern ionospheric currents (see Figure 10) , and suggests that the buildup of the field-aligned acceleration region does not result simply from the magnetospheric process at the substorm onset but is finally determined by the auroral upper ionosphere of each hemisphere independently. In other words, substorm, that is, the auroral breakup accompanied with the AKR breakup, is finally ignited in the M-I coupling region. [35] Conjugate auroral observation showed a case in which the auroral breakup was not simultaneous between the two hemispheres by a few minutes, which is significantly longer than the possible difference due to the Alfvén transit time. This also suggests that the auroral ionosphere controls the auroral breakup in each hemisphere.
[36] The simultaneity of substorm onset between two hemispheres would depend on the plasma state in the M-I coupling region. Especially, the electron density profile in the M-I coupling region, where plasma cavity develops with seasonal dependence [Sato, 1998; Kitamura et al., 2010] , would play an important role, because the field-aligned acceleration is sensitive to the electron density distribution along the auroral field line [Morooka and Mukai, 2003; Morioka et al., 2010] . Moreover, the difference of the ionospheric conductivity profile between two hemispheres would be essential for development of the M-I coupling process at the substorm onset . Thus, it is expected that simultaneity of substorm onset between two hemispheres shows the seasonal dependence [Kumamoto and Oya, 1998 ] or dipole tilt dependence , such as the preferential occurrence of one-sided substorm in winter solstice and the delayed substorm onset favored over the summer hemisphere.
[37] There are currently two scenarios for the triggering of a substorm; the near-Earth neutral line (NENL/outside-in model [e.g., Baker et al., 1996; Shiokawa et al., 1998; Angelopoulos et al., 2008] and the current disruption (CD/ inside-out) model [e.g., Lui et al., 1992; Erickson et al., 2000; Lui et al., 2008] . On the other hand, the evidence in this study indicates that the auroral upper ionosphere may finally control and/or ignite the auroral breakup to complete the substorm onset, which has been discussed by Lui [1996] .
[38] Recently, a new substorm scenario was proposed by Morioka et al. [2010] claiming that plasma flow burst drives FAC in the near-Earth plasma sheet and that the FAC enhances the low-altitude acceleration (and excites MF-AKR) in the M-I coupling region. Then the increasing fieldaligned current induces a second acceleration at the higher altitude as a consequence of current/current-driven instabilities (and excites LF-AKR). This scenario suggests that a substorm is finally ignited in the auroral M-I coupling region, and predicts that substorms can sometimes be ignited in one hemisphere or be delayed between two hemispheres depending on the ionospheric conditions in both hemispheres. The present observations seem to favor this scenario.
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